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Abstract
The determination of the amino acid sequence of a peptide from its MS/MS spectrum is an important task in
proteomics. The determination without the help of a protein database is called the de novo sequencing, which is
especially useful in the identiﬁcation of unknown proteins. Many studies on the de novo sequencing problem have
been done. In this paper, we deﬁne a newmodel for this problem, and provide a sophisticated dynamic programming
algorithm to solve it. Experiments on real MS/MS data demonstrated that the algorithm works superior to other
methods on QTof MS/MS data.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Tandem mass spectrometry (MS/MS) now plays a very important role in protein identiﬁcation due
to its fastness and high sensitivity. In an MS/MS experiment, proteins are digested into peptides. Those
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Fig. 1. Four amino acids are linked by the C–N bonds to form a peptide. The fragmentation can occur at any of the sites labeled
by the dashed vertical lines. The resulting fragment ions with the N-terminus (left end) are the a-, b-, and c-ions, and the ions
with the C-terminus (right end) are the x-, y-, and z-ions.
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Fig. 2. An MS/MS spectrum.
peptides are charged and selected by a mass analyzer according to their mass to charge ratios (also called
m/z values). Usually, different peptides of the proteins have different m/z values. Therefore, we can
assume that the mass analyzer selects many copies of the same peptide. The selected peptides are then
fragmented and the resulting fragment ions are measured again by a second mass analyzer to generate an
MS/MS spectrum.
Fig. 1 illustrates how a peptide with four amino acids fragments into different fragment ions. In an
MS/MS experiment, the peptide in Fig. 1 usually can fragment into two pieces at any of the several labeled
locations, and generate six types of fragment ions: ai , bi , ci , xi , yi , zi (i = 1, 2, 3).
The MS/MS spectrum of a peptide consists of many peaks (see Fig. 2), each of which is presumably
generated by many copies of one fragment ion. The position of the peak indicates the mass to charge
ratio of the corresponding fragment ion, and the height of the peak indicates the relative abundance of the
fragment ion. In general, there are 20 different types of amino acids, of whichmost have distinct masses to
each other. Consequently, different peptides usually produce different MS/MS spectra. It is thus possible,
and now a common practice, to use the spectrum of a peptide to determine its sequence. This step of
sequence determination is an indispensable extension of MS/MS lab work for peptide sequencing.
One method to determine a peptide sequence from an MS/MS spectrum involves searching protein
databases for a peptide whose hypothetical spectrummatches the observed spectrum [5,16–18,25]. How-
ever, the database search method is not always successful because the target peptide sequences may be
absent in the databases. Therefore, the de novo sequencing, which determines the peptide sequence from
the MS/MS spectrum without the help of a protein database, is very important to the study of novel
proteins.
420 B. Ma et al. / Journal of Computer and System Sciences 70 (2005) 418–430
1.1. Related work
There have been attempts to solve the de novo sequencing problem. Sakurai et al. [20] used a method
which generates all possible peptide sequences and compares each of themwith the spectrum.Themethod
is only feasible for very short peptides, because the time complexity grows exponentially in terms of
peptide length. Much research has been done on preﬁx pruning to speed up the search [7,9,10,22,26,27].
But the preﬁx pruning cannot ﬁnd the correct sequence if its preﬁxes are poorly represented in the
spectrum [4].
Another approach to de novo sequencing generates a spectrum graph from an MS/MS spectrum
[1–4,6,8,24], and then conduct computation on the graph. Each peak in the spectrum generates a few
of nodes in the spectrum graph, corresponding to the different types of ions that may produce the peak.
Each edge in the graph indicates that the mass difference of the two adjacent nodes is approximately the
mass of an amino acid, and the edge is labeled with the amino acid. The de novo sequencing problem is
therefore reduced to the ﬁnding of the longest path in the graph.
Spectrum graph approach has some major difﬁculties to deal with. First, when all the ion types,
ai, bi, ci, xi, yi, zi , are missing for one or more consecutive i, then there is no path in the graph
corresponding to the correct sequence. One way to reduce this problem is adding in the edges between
every two nodes whose mass difference is approximately the sum of two amino acid masses [4]. However,
this approach becomes difﬁcult to implement when all the ion types for several consecutive i are missing.
This situation occurs very often because many peptides do not fragment well in the MS/MS experiments.
Secondly, a real spectrum can be very “noisy”. For example, the spectrum in Fig. 2 has peaks almost
everywhere. The noise peaks come from reasons like internal cleavages and contaminants. Imperfect
fragmentation and ionization may give us signal peaks whose intensity is comparable to the noise level.
Therefore, on one hand it is useful to keep all the peaks in the spectrum graph approach; on the other
hand, the additional edges added to solve the ﬁrst difﬁculty mentioned above will give us too many edges
if too many peaks are in the spectrum.
Thirdly, a peak may be interpreted by two different ions. In spectrum graph approach the score of a
path is the sum of the scores of the nodes in the path. Consequently, if a peak has very high abundance,
then there is a tendency that the longest path will include the two nodes corresponding to the two different
interpretations of the same peak. This usually (but not always) indicates a wrong sequence. To avoid
this problem, one way is to forbid the simultaneous occurrence of a pair of nodes corresponding to the
same peak [3,4]. However, in practice, two different ions are possible to generate the same peak. 4 The
forbidden pairs approach will exclude the correct solutions for those cases. Consequently, we feel that
a better way would be changing the score deﬁnition. That is, if two or more nodes corresponding to the
same peak occur in the path, then only the score of one node should be counted in the score of the path.
This eliminates the tendency. The method we use in this paper is analogous to the latter way.
In this paper, we propose a newmodel for de novo sequencing problemwhich overcomes the difﬁculties
of the spectrum graph approach.
4A simple calculation using the tryptic digestions of all the proteins in Swissprot database showed that at mass error tolerance
±0.5 dalton, typical for Iontrap MS/MS instruments, approximately 4.8% of the peptides have two y and b ions overlap.At mass
error tolerance ±0.1 dalton, typical for QTof MS/MS instruments, approximately 4.2% of the peptides have two y and b ions
overlap. This does not count the overlaps caused by other types of ions yet.
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1.2. Our contributions
Our contributions with this paper are the following:
1. We introduce a new model for the de novo sequencing problem. The new model ﬁts into the paradigm
of the Peptide Sequencing Problem deﬁned in [18]. However, we introduce a new scheme to deﬁne
the score function. Our model accounts for most of the ion types that have been observed in practice.
To overcome the simultaneous existence of the ﬁrst two difﬁculties, we consider that there is a peak
everywhere. If the original spectrum does not have a peak at somewhere, a peak with intensity 0 is
considered to be there. This idea is built in our algorithm implicitly.Also, compared with the forbidden
pair approach, our model deals with the mass overlap of different ions in a more reasonable manner.
2. We provide an efﬁcient algorithm to ﬁnd the optimal solution of the de novo sequencing problem with
our model. The algorithm tolerates the mass errors and the missing of ions in the spectra. Because the
dealing of the mass overlaps of different ions, the proof of the correctness of the algorithm is fairly
complicated.
Based on our algorithm, a software package, PEAKS, has been developed. Experiments on real data
demonstrates that our algorithm performs very well for QTof MS/MS data. Readers who are more inter-
ested in the software can ﬁnd a description of its interface and features in [15]. However, in this paper,
we only discuss the basic model and the main algorithm behind the software.
Also, for the simplicity of presentation, we use a very simple score function conforming our scheme of
score functions. But more complex score functions can be used without major changes to our algorithm.
In fact, the software, PEAKS, used a much more sophisticated score function [15].
The rest of the paper is organized as follows: Section 2 gives our model to the de novo sequencing
problem, Section 3 gives the algorithm, and Section 4 discusses some experimental results.
2. Modeling the de novo sequencing problem
LetM be a spectrum.M usually is represented by a peak list, i.e. a set of number pairs, {(xi, hi) | i =
1, 2, . . . , n}. Each pair (xi, hi) represents a peak in the spectrum, where xi is the position and hi is the
abundance (height) of the peak (Fig. 2). Let  be the alphabet that represent the 20 different types of
amino acids. A length k peptide P is a string a1a2 . . . ak , where ai ∈ . When P is fragmented in an
MS/MS spectrometer, each preﬁx (or sufﬁx) of the string can form several types of fragment ions, of
which the masses can be computed accurately. Intuitively, a peak inM whose position matches the mass
of a fragment ion is a positive evidence to that P is the peptide forM. And the more and higher peaks
are matched, the more likely P is correct. In this section we will formulate this intuition and give a new
model to the de novo sequencing problem.
2.1. The ion masses of a peptide
In an MS/MS experiment, an ion can be charged with different charges, and therefore generates a few
different peaks. Fortunately, there are standard methods to preprocess an MS/MS spectrum to convert all
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the peaks for multiply charged ions to their singly charged equivalents [23]. Therefore, in this paper we
assume all the ions have charge one. Consequently, the mass to charge ratio of an ion is equal to the mass
of the ion. In this section we examine how to compute all the fragment ion masses of a given peptide and
deﬁne some useful notations.
For an amino acid a ∈ , we use ‖a‖ to denote the mass of its residue (i.e., the amino acid losing
a water). The masses of all the amino acid residues can be found in [23]. Here, we only note that
maxa∈ ‖a‖ = 186.08 Dalton and
min
a∈ ‖a‖ = 57.02 Dalton. (1)
It is also noteworthy that the masses of the amino acid I and L are identical. Therefore, they are usually
not distinguishable using MS/MS spectrometry. Following the common practice, we ignore this problem
and simply treat I and L as the same amino acid.
For P = a1a2 . . . ak being a string of amino acids, deﬁne ‖P ‖ =∑1j k ‖ai‖. The actual mass of
the peptide with sequence P is 18+ ‖P ‖, because of an extra H2O in the peptide.
From Fig. 1, the mass of the b-ion (preﬁx) of Pwith i amino acids, denoted by bi , can be computed with
bi = 1+∑1j  i ‖aj‖. Similarly, the mass of the y-ion (sufﬁx) of P with i amino acids, denoted by yi ,
can be computed with yi = 19+∑n−i+1j n ‖aj‖. 5 Let A = a1a2 . . . am be a string of amino acids.
We introduce two notations ‖A‖b = 1+∑1j m ‖aj‖, and ‖A‖y = 19+
∑
1j m ‖aj‖. Therefore,
bi = ‖a1a2 . . . ai‖b and yi = ‖ak−i+1 . . . ak−1ak‖y , (1i < k). Obviously,
yk−i + bi = 20+ ‖P ‖, 1i < k. (2)
This fact will be used in the design of our algorithm in Section 3.
Let x be the mass of a b-ion. The masses of the a-ions and c-ions with the same number of amino acids
are x− 28 and x+ 17, respectively. The b-ion may lose a water or an ammonia to form ions with masses
x − 18 and x − 17, respectively. So, we use a notation B(x), deﬁned as follows:
B(x) = {x − 28, x − 18, x − 17, x, x + 17}, (3)
to denote the set of masses of the ions related to the b-ion with mass x. Similarly, for each y-ion with
mass x, the following set,
Y (x) = {x − 18, x − 17, x, x + 26}, (4)
is the set of masses of the ions related to the y-ion withmass x. The reason that Y (x) has one fewer element
than B(x) is that both the mass of the y-ion losing an ammonia and the mass of the corresponding z-ion
are x − 17.
Therefore, hypothetically, the spectrum of the peptide P have a peak at each mass value in
S(P ) =
n−1⋃
i=1
(B(bi) ∪ Y (yi)) . (5)
5 Because the ionization process adds protons to the ions, the actual compositions of the ions are slightly different from those
shown in Fig. 1.
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2.2. De novo sequencing problem
All the common tandem spectrometers can measure both an MS/MS spectrum and the mass of the
peptide. That is, we know a peak listM = {(xi, hi) | 1in} and a valueM = ‖P ‖ + 20. We want to
derive the sequence P fromM and M.
One problem is that the masses given by the spectrometer are not accurate. Depending on different
spectrometers, the maximum error varies from±0.01 Dalton to±0.5 Dalton. Let  > 0 be the maximum
error of the mass spectrometer that we use. We assume that  < 0.5 throughout this paper. Let S be a set
of masses. A peak (x, h) ∈M is explained by S, if there is y ∈ S, such that |x − y|. The subset of
peaks inM, explained by S, is denoted by S. That is,
S = {(xi, hi) ∈M | there is y ∈ S s.t. |y − xi |}.6
Let S(P ) be the set of the mass values of all possible ions of P. S(P ) can be computed by (5). Then
S(P ) consists of all the peaks inM that can be explained by the ions of P. We note that each peak may
be explained by more than one ions. However, because S(P ) is a set, each peak occurs at most once in
S(P ).
Intuitively, the more and higher peaks S(P ) contains, the more likelyM is the spectrum of P. For any
peak listM′, we deﬁne
h(M′) =
∑
(x,h)∈M′
h.
Then the de novo sequencing problem is deﬁned as follows
De novo sequencing: Given an MS/MS spectrumM, a positive numberM, and an error bound  > 0,
to construct a peptide P, so that |‖P ‖ + 20−M| and h(S(P )) is maximized.
Without further discussion, we note that without any major modiﬁcations to our algorithm, the score
function h(S(P )) can be changed. One possible scheme of score functions is∑q∈S(P ) w(q), wherew(q)
is the “weight” of the peak q. In a real implementation of our algorithm, w(q) can involve many factors
such as the height of q, the type of ion that explains q, and the mass error between the ion and q [15].
However, for the simplicity of presentation, we simply set w(q) to be the height of q in this paper.
3. An algorithm for de novo sequencing
There are some major difﬁculties of the de novo sequencing problem. First, each fragmentation may
produce a pair of ions. When the fragmentation happens closely to the N- or C-terminus, one of the
two ions has relatively large mass and the other is small. Therefore, both ends of the spectrum must be
considered at the same time, in order to evaluate the score contributed by the pair of ions caused by the
same fragmentation. Secondly, the types of the peaks are unknown, and a peak might be matched by
zero, one, or two different types of ions. In the case a peak is matched by two ions, the height of the
peak can only be counted once. (An algorithm that counts the height twice has the tendency to match the
highest peaks more than once, instead of matching more peaks. We have observed this phenomenon in
6S depends not only on S, but also onM and . However, becauseM and  are given and ﬁxed for an instance of our
problem, we use the notation S for simplicity.
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manyMS/MS data sets.) Therefore, the algorithm should knowwhether a peak has already been matched,
before it can evaluate the match between the peak and a new ion.
Because of the difﬁculties, a straightforward dynamic programming approach, which attempts to con-
struct the optimal peptide from one terminus to the other, does not work. In this section, we give a much
more sophisticated dynamic programming algorithm for the de novo sequencing problem. Our algorithm
gradually construct optimal pairs of preﬁxes and sufﬁxes in a carefully designated pathway, until the pre-
ﬁx and the sufﬁx become sufﬁcient long to form the optimal solution. By using a clever idea, “chummy
pairs”, we can avoid the examination of all the pairs of preﬁxes and sufﬁxes. Only the scores of those pairs
that satisfy Deﬁnition 1 will be calculated in our algorithm.We prove in this section that the computation
of those scores is sufﬁcient for the construction of the optimal solution. Therefore, the time complexity
is reduced by using “chummy pairs”.
Before we can present the algorithm, we need some deﬁnitions.
LetM = {(xi, hi)|1in} be the given spectrum and M = ‖P ‖ + 20. Let A = a1a2 . . . ak be a
string of amino acids. If A is a preﬁx (at the N-terminus) of P = a1a2 . . . an, then the mass of the b-ion
produced by the fragmentation between ai and ai+1 is ‖a1a2 . . . ai‖b. From (2), the mass of the y-ion
caused by the same fragmentation isM −‖a1a2 . . . ai‖b. If SN(A) is used to denote the set of masses of
all the ions caused by the fragmentations between ai and ai+1 (1ik), then from (3) and (4),
SN(A) =
k⋃
i=1
[B(‖a1a2 . . . ai‖b) ∪ Y (M − ‖a1a2 . . . ai‖b)] .
Similarly, suppose that A′ = a′k . . . a′2a′1 is a sufﬁx (at the C-terminus) of a peptide P ′ = a′n . . . a′2a′1 and
M = ‖P ′‖ + 20. We use SC(A) to denote the set of masses of all the ions caused by the fragmentation
between a′i+1 and a′i (1ik). It is easy to verify that
SC(A′) =
k⋃
i=1
[
Y (‖a′i . . . a′2a′1‖y) ∪ B(M − ‖a′i . . . a′2a′1‖y)
]
.
Let peptide P be the optimal solution. For any string A, A′ and an amino acid a, such that P = AaA′,
the following fact is obvious.
S(P ) = SN(A) ∪ SC(A′). (6)
This suggests us to reduce the de novo sequencing problem to the problem of ﬁnding the appropriate
preﬁx A and sufﬁx A′. There are l(P ) different ways to divide P into the form AaA′, where l(P ) denotes
the length of P. In the rest of this section, we will compute a speciﬁc division so that (A,A′) is a chummy
pair, deﬁned as follows.
Deﬁnition 1. For any string of amino acids s = s1s2 . . . sn, s denotes the length n−1 string s1s2 . . . sn−1
and s denotes the length n− 1 string s2s3 . . . sn. A string pair (A,A′) is called a chummy pair, if
‖A‖b + ‖A′‖y < M
and either of the following two cases holds:
Case 1: ‖A‖b < ‖A′‖y‖A‖b (7)
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Fig. 3. An illustration to the relationship of chummy pairs. Each solid vertical line indicates a peak. We draw the y-ion peaks
higher to reﬂect that the y-ions are the most abundant ions in a real spectrum. The shadowed areas Y (x) and B(x) indicate that
there are some other peaks nearby x (See (4) and (3)). As the ﬁgure shows, both (A,A′) and (Aa,A′), but not (Aa,A′), are
chummy pairs.
Case 2: ‖A′‖y‖A‖b < ‖A′‖y (8)
Fig. 3 illustrates two chummy pairs (A,A′) and (Aa,A′). Both (A,A′) and (Aa,A′) are such that
case 2 holds. Let Z be any preﬁx of A such that Z = A. Let Z′ be any sufﬁx of A′ such that Z′ = A′.
From the ﬁgure we can see that B(‖Aa‖b) is apart from both Y (‖Z′‖y) and B(‖Z‖b). In fact, from
the deﬁnition of B(·) and (1), we know that the distance between B(‖Z‖b) and B(‖Aa‖b) is at least
2 × mina∈ ‖a‖ − 45 > 69. Because  < 0.5, there is no peak inM that can be explained by both
B(‖Z‖b) and B(‖Aa‖b). In other words,
B(‖Aa‖b) ∩ B(‖Z‖b) = ∅. (9)
Because (8) holds, ‖Z′‖y‖A′‖y‖A‖b. From Fig. 3, we can similarly prove that
B(‖Aa‖b) ∩ Y (‖Z′‖y) = ∅. (10)
Also, because (Aa,A′) is a chummy pair, ‖Aa‖ + ‖A′‖ < M . Therefore, it is easy to prove that both
B(‖Aa‖b)∩B(M − ‖Z′‖y) and B(‖Aa‖b)∩Y (M − ‖Z‖b) are empty sets. Combined with Formula (9)
and (10), we conclude that
B(‖Aa‖b) ∩ SN(A) ∪ SC(A′) = ∅. (11)
The same arguments can be applied to Y (M − ‖Aa‖b) and get the conclusion that
Y (M − ‖Aa‖b) ∩ SN(A) ∪ SC(A′) = ∅. (12)
The following lemma reveals the reason we investigate chummy pairs. That is, we can compute
h(SN(Aa) ∪ SC(A′)) from h(SN(A) ∪ SC(A′)).
Lemma 1. Let (A,A′) be a chummy pair and a be an amino acid and
f (u, v,w) = h
(
B(u) ∪ Y (M − u) \ B(v) ∪ Y (M − v) ∪ Y (w) ∪ B(M − w)
)
.
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Then
(i) if (Aa,A′) is a chummy pair, then
h
(
SN(Aa) ∪ SC(A′)
)
= h
(
SN(A) ∪ SC(A′)
)
+ f (‖Aa‖b, ‖A‖b, ‖A′‖y).
(ii) if (A, aA′) is a chummy pair, then
h
(
SN(A) ∪ SC(aA′)
)
= h
(
SN(A) ∪ SC(A′)
)
+ f (M − ‖aA′‖y,M − ‖A′‖y,M − ‖A‖b).
Proof. We only prove (i). The proof of (ii) is similar and therefore omitted.
Let u = ‖Aa‖b, v = ‖A‖b, and w = ‖A′‖y . Because the deﬁnition of SN(·) and SC(·), and the fact
that B(v) ∪ Y (M − v) ∪ Y (w) ∪ B(M − w) ⊂ SN(A) ∪ SC(A′), we have
SN(Aa) ∪ SC(A′)
= SN(A) ∪ SC(A′) ∪ B(u) ∪ Y (M − u)
= SN(A) ∪ SC(A′)
∪
(
B(u) ∪ Y (M − u) \ B(v) ∪ Y (M − v) ∪ Y (w) ∪ B(M − w)
)
. (13)
Because of (11) and (12),
SN(A) ∪ SC(A′) ∩
(
B(u) ∪ Y (M − u) \ B(v) ∪ Y (M − v) ∪ Y (w) ∪ B(M − w)
)
= B(u) ∪ Y (M − u) ∩
(
SN(A) ∪ SC(A′) \ B(v) ∪ Y (M − v) ∪ Y (w) ∪ B(M − w)
)
⊂B(u) ∪ Y (M − u) ∩ SN(A) ∪ SC(A′)
= ∅. (14)
(i) is proved because of (13) and (14). 
Lemmas 2–4 give more properties of chummy pairs, which are also useful in our algorithm.
Lemma 2. Let (A,A′) be a chummy pair. Let a be any letter such that ‖A‖b+‖A′‖y +‖a‖ < M . Then
(i) If ‖A‖b < ‖A′‖y , then (Aa,A′) is a chummy pair and (A, aA′) is not;
(ii) If ‖A′‖y‖A‖b, then (A, aA′) is a chummy pair and (Aa,A′) is not;
Proof. (i) Because (A,A′) is a chummy pair, it satisﬁes either of the two cases in Deﬁnition 1. Hence
‖A‖b < ‖A′‖y implies that ‖A′‖y‖A‖b < ‖A′‖y .
If ‖Aa‖b < ‖A′‖y , then (Aa,A′) is a chummy pair because ‖A′‖y‖A‖b < ‖Aa‖b < ‖A′‖y is
such that case 2 of Deﬁnition 1 holds.
If ‖A′‖y‖Aa‖b, still (Aa,A′) is a chummy pair because ‖A‖b < ‖A′‖y‖Aa‖b is such that case 1
of Deﬁnition 1 holds.
(A, aA′) is not a chummy pair because ‖A‖b < ‖A′‖y‖aA′‖y , conﬂicting with both cases of
Deﬁnition 1.
The proof of (ii) is very similar to (i). 
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Fig. 4. Our algorithm for de novo sequencing, where f (u, v,w) is deﬁned in Lemma 1.
Lemma 3. Let (A,A′) be a chummy pair. Then either (A, A′) or (A,A′), but not both, are chummy
pairs.
Proof. If ‖A‖b < ‖A′‖y , it is easy to check that no matter which of the two cases of Deﬁnition 1 is
true, we always have ‖A‖b < ‖A′‖y‖A‖b. Therefore, (A,A′) is a chummy pair. (A, A′) is not
a chummy pair because ‖A‖b < ‖A′‖y < ‖A′‖y , which conﬂicts with both of the two cases.
For the same reason, if ‖A′‖y‖A‖b, then (A, A′) is a chummy pair but (A,A′) is not. 
Lemma 4. Let P be the optimal solution. Then there is a chummy pair (A,A′) and a letter a, so that
P = AaA′.
Proof. Suppose P = a1a2 . . . am. Let l(s) denote the length of a string s. From Lemma 2, the desired A
and A′ can be found by the following procedure:
1. Let A and A′ be empty strings.
2. for i from 1 to m− 1 do
if ‖A‖b < ‖A′‖y then let A = Aal(A)+1.
else let A′ = am−l(A′)A′. 
From Lemma 4 and (6), in order to ﬁnd the optimal solution, it sufﬁces to ﬁnd a chummy pair (A,A′),
so that
1. there is a letter a, such that |‖A‖b + ‖A′‖y + ‖a‖ −M|.
2. h(SN(A) ∪ SC(A′)) is maximized.
For any two positive numbers x and y such that x + yM , let DP(x, y) be the maximum value of
h(S1(A) ∪ S2(A′)) for all chummy pairs (A,A′) such that ‖A‖b = x and ‖A′‖y = y. Let  > 0 be the
ﬁnest calibration of the spectrometer, e.g.  = 0.005 Dalton. Let  > 0 be the mass error tolerance, e.g.
 = 0.1. From Lemmas 1–4, it is easy to see that the algorithm in Fig. 4 computes DP(x, y) gradually
and outputs the optimal solution.
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Theorem 1. Algorithm Sandwich computes the optimal solution of the de novo sequencing problem in
O
(
|| × M ×  × maxa∈ ‖a‖
)
time.
Proof. We ﬁrst prove that the DP[x, y] computed by the algorithm is equal to the DP(x, y) deﬁned by
us. This can be proven by an induction on x + y. Clearly the claim is true for x + y20.
For any x, y such thatDP(x, y)0, there is a chummypair (A,A′) such that x = ‖A‖b, y = ‖A′‖y , and
DP(x, y) = h(SN(A) ∪ SC(A′)). From Lemma 3, without loss of generality, we assume that (A, A′)
is a chummy pair. Let x0 = ‖A‖b. Due to Lemma 1 and the optimality of (A,A′), (A, A′) must also
maximize h(SN(A) ∪ SC(A′)). That is,DP(x0, y) = h(SN(A) ∪ SC(A′)). The induction hypothesis
conﬁrms that DP(x0, y) = DP[x0, y]. Therefore, we can use the method provided in Lemma 1 to
compute DP(x, y) from DP[x0, y]. Clearly the same computation has been done in the algorithm to
compute DP[x, y]. Therefore, DP(x, y) = DP[x, y]. From Lemma 4 and (6), we can conclude that the
sequence AaA′ output at line 10 is the optimal peptide sequence.
Because there are at mostO
(


)
peaks inM explained by a single mass, f (·, ·, ·) in lines 6 and 8 can
be computed in timeO
(


)
. The time complexity of the algorithm can then be proved straightforwardly.
It is noteworthy that , , and maxa∈ ‖a‖ are constants when the parameters of the mass spectrometer
are ﬁxed. || is usually 20 unless post-translational modiﬁcations 7 are considered. The time complexity
is in fact linear to the mass of the peptide. 
4. Experiment results and discussion
Based on the algorithm, a software program, PEAKS, has been developed for de novo sequencing
using QTof MS/MS data. QTof is a type of MS/MS spectrometer that produces relatively good quality
MS/MS spectra. Among many tests we have done, a blind test was reported in [15]. The peptides of
four standard proteins were used to generate 54 MS/MS spectra with reasonable quality. Both PEAKS
version 1.3 and another de novo sequencing program, Luteﬁsk [24], are used to compute the peptide
sequences from those spectra. Luteﬁsk uses the spectrum graph approach.
For 22 (41%) of the 54 spectra, PEAKS computed the complete sequences correctly, whereas Luteﬁsk
only computed 11 (20%) correctly. For 51 (94%) of the 54 spectra, PEAKS’ outputs contain correct
substrings with length at least 6, whereas Luteﬁsk’s outputs have correct substrings with length at least
6 for only 27 (50%) of the spectra.
The results demonstrate that PEAKS software, based on our algorithm, works signiﬁcantly better than
Luteﬁsk for QTof data. Of course the sophisticated scoring method used in PEAKS is also an important
factor of its better performance. However, it is our new model and algorithm that allow the use of the
sophisticated scoring method in PEAKS.
More comparison results that are favorable to PEAKS, including comparisons with commercial soft-
ware, can also be found in [12–14,21].
A straightforward implementation of Algorithm Sandwich will be slow especially when  is as small
as 0.001 dalton. However, together with very many carefully implemented tricks to improve the speed,
7 Readers can read more about post-translational modiﬁcations in any standard biochemistry textbooks.
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PEAKS software can interpret an MS/MS spectrum in approximately 10 seconds on a computer with a
single 1GHz Pentium M CPU and 1Gbytes of memory.
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